The tribological properties of magnetron sputtered titanium nitride coating on 316L steel, sliding against Si 3 N 4 ceramic ball under dry friction and synthetic perspiration lubrication, were investigated. The morphology of the worn surface and the elemental composition of the wear debris were examined by scanning electron microscopy and energy dispersive spectroscopy. TiN coatings and 316L stainless steel had better tribological properties under synthetic perspiration lubrication than under dry friction. Among the three tested materials (316L, 1.6 and 2.4 lm TiN coatings), 2.4 lm TiN coating exhibits the best wear resistance. The difference in wear damage of the three materials is essentially due to the wear mechanisms. For the TiN coating, the damage is attributed to abrasive wear under synthetic perspiration lubrication and the complex interactive mechanisms, including abrasive and adhesive wear, along with plastic deformation, under dry friction.
Introduction
Titanium nitride (TiN) coatings deposited by physical vapor deposition (PVD) on cutting tools and other material surfaces susceptible to wear help extending the life and the range of operating conditions ( Ref 1) . Several studies of TiN and similar hard coatings wear have highlighted their advantages over uncoated tools . TiN coatings wear can change dramatically with adjusting parameters, such as contact load, sliding speed, contact geometry, and humidity. Complexities associated with attempting to characterize and model wear in different modes of damage that occur during machining and cutting in dry sliding operations were also revealed (Ref 1). In (Ref 1) three wear regimes were identified. The investigation characterized transitions among different wear mechanisms, depending on the load, sliding distance, and temperature of the pin. The effects of humidity and microstructure of the tribolayers in TiN coatings have been investigated in (Ref 2) . Reference 3 studied fretting of TiN and MoS 2 coatings on 1045 steel and showed that the fretting wear mechanism of TiN coating is particle detachment through propagation and fracture of fine microcracks on the surface. Reference 4 studied the performance of TiN, CrN, and WC/C coatings on steel substrates and found that the load was an important factor in the wear life variation, although other factors, such as surface roughness and coating thickness, were also significant. Additionally, surface morphology significantly affects wear and friction under sliding conditions (Ref 5) . Also, (Ref 6) investigated the relationship between the hardness and tribological properties of nanolayered TiN/TaN multilayer coatings. It indicated that the wear volume increased with decreasing hardness and exhibited a linear relationship with the inverse of the hardness.
In this paper, the wear behavior of TiN-coated 316L stainless steel substrates sliding against silicon nitride (Si 3 N 4 ) ceramic ball under dry friction and synthetic perspirationlubricated conditions was studied. A Si 3 N 4 ball was selected as the counterpart of TiN and 316L stainless steel to simulate the wear of artificial joints consisting of stainless steel and ceramic head. TiN coatings were deposited on 316L stainless steel by reactive radio frequency (RF) pulsed magnetron sputter deposition in an industrial PVD system.
Experimental Details

Materials
The substrate was 316L stainless steel, machined into coupons 20 mm in diameter and 2.5-mm thick, ground to an average surface roughness of R a = 0.02 lm (shown in Fig. 1a) . The chemical composition is listed in Table 1 . TiN coatings were deposited on 316L stainless steel substrates by reactive sputtering at 300°C. The growing coating was ion bombarded by applying a substrate bias voltage of À80 V, and the target power was 300 W. The chamber pressure during the sputtering process was 0.25 Pa. In order to get a stronger adhesion between the 316L steel stainless substrate and the TiN coating, a thinner Ti film was deposited before N 2 was introduced into the chamber. The thickness of deposited TiN coatings was 1.6 and 2.4 lm.
The balls with 3.75-mm diameter were made from silicon nitride. For comparison, some uncoated 316L steel stainless disk specimens were also tested. The average hardness and fracture toughness values for 316L steel substrates and TiN coatings are listed in Table 2 . The micro-hardness values measured by nanoindentation were obtained by measuring five different points to calculate an average value. The loading rate was 10 nm/s, and the loading depth was 500 nm. The fracture toughness of TiN coatings was estimated using the radial cracking indentation method (Ref 7) by measuring the length of radial cracks. The radial cracks in TiN coating were introduced by indenting it with a sharp Vickers indenter, and the relationship between the fracture toughness and the length of radial cracks was established (Ref 8, 9 ).
Wear Tests
The sliding wear tests were performed in a ball-on-flat reciprocating wear tester, which conforms to the ASTM G133, and the two materials (bare 316L stainless steel and TiN coated 316L stainless steel) were rubbed against a silicon nitride ball (3.75-mm diameter) under dry friction and synthetic perspiration-lubricated conditions at an ambient temperature of 25°C. Components of the synthetic perspiration are sodium bicarbonate (4.2 9 10 À3 kg/L), sodium chloride (0.5 9 10 À3 kg/L), and potassium carbonate (0.2 9 10 À3 kg/L), and the pH of the synthetic perspiration is 8.8. The reciprocator is controlled by a function generator. The following experimental parameters were selected: 5N normal load, 15-mm slip amplitude, 60-Hz frequency, and 40-min testing time. The specimens were cleaned in an ultrasonic alcohol bath before testing. Figure 2 shows a schematic of the ball-on-flat testing configuration.
During the experiments, the variation of friction coefficient with the number of cycles was recorded. Veeco Dektak 150 stylus profilometer was used to determine the depth profiles and cross-sectional areas of the wear tracks. Based on the wear track diameter and depth profiles at several locations, the coating volume removed during testing was obtained to evaluate the coating wear resistance. The friction tests were repeated three times for each condition. The wear scar morphology was examined by scanning electron microscopy (SEM), and the chemical composition was obtained from the energy dispersive spectroscopy (EDS). 
Results
Friction Coefficient
The friction coefficient of the 316L stainless steel under dry friction and synthetic perspiration-lubricated conditions is shown in Fig. 3 . It can be seen that the friction coefficient of the 316L stainless steel under dry friction is always higher than under synthetic perspiration. At the beginning of the test, the friction coefficient of the 316L stainless steel under dry friction increased rapidly to the largest 0.75 value before 768 s. After 800 s, it decreased from 0.75 to 0.65 with a small fluctuation and maintained the 0.65 level during the following cycles, until the test was finished. The friction coefficient of the bare 316L stainless steel under synthetic lubricated conditions increased rapidly at the beginning and reached the largest value of 0.46 after 450 s. During the following cycles, it showed a large decrease from 0.46 to 0.27 and then increased rapidly to 0.44 before 1000 s. In the following cycles, it remained at 0.44, until the test was finished.
Comparing the friction coefficient of bare 316L stainless steel under dry friction and synthetic lubrication, it was found that the friction coefficient increased rapidly at the beginning of the test; thus, it was called the running-in stage. Later, the friction coefficient remained relatively stable, called the steady stage, until the test was finished. Reference 6 showed that the coefficient of friction can be approximately divided into two stages, i.e., the running-in stage and the steady stage. The coefficient of friction was low at the running-in stage and gradually increased to a steady value at the steady stage. This conclusion agrees well with the findings in this paper.
In a similar way, the steady state friction coefficients for different thickness TiN (1.60 and 2.4 lm) coated on the 316L stainless steel under dry friction and synthetic lubrication were investigated, shown in Fig. 4 . As seen in Fig. 4 , the friction coefficient of the three materials (bare 316L, 1.6 and 2.4 lm TiN coatings) under dry friction was always higher than under synthetic perspiration. Under dry friction, 316L stainless steel gave the highest friction coefficient among the three tested materials and reached 0.65, while the friction coefficients of TiN coatings (1.6 and 2.4 lm) were close to 0.6. Under synthetic perspiration-lubricated conditions, the 1.6 lm TiN coating gave the highest friction coefficient of 0.49; however, the 2.4 lm TiN coating gave the lowest friction coefficient of 0.3.
Wear Rate
These tests caused wear scars on the flat specimens with measurable grooves. The wear depth of each groove was measured using Veeco Dektak 150 stylus profilometer. Since the depth varied along the length of the groove, several depth measurements (transverse to the length of the groove) were taken. The average depth was taken from these measurements. The volume of an ideal groove can be calculated using the following approximation (Ref 10, 11):
Here S is the transverse area; l is the slip amplitude; R is the wear rate; P is the applied load; and L is the sliding distance. S was calculated using the software package Origin 8.5. The wear rates (R) were obtained from the scar profiles, which determined the size of the scar (depth, width and length). The scar profile of the 1.6 lm TiN coating under synthetic perspiration-lubricated friction is shown in Fig. 5 .
The specific wear rates of the three materials (316L, 1.6 and 2.4 lm TiN coatings) under dry friction and synthetic perspiration-lubricated conditions are shown in Fig. 6 . In the case of dry friction, the 1.6 lm TiN coating exhibited the highest wear, followed by the 316L stainless steel, and finally, the 2.4 lm TiN coating. The same was observed under synthetic perspiration-lubricated conditions. It is obvious that the wear rates of the three materials (316L, 1.6 and 2.4 lm TiN coatings) under dry friction were always higher than under synthetic perspiration-lubricated conditions, and the wear rate of the 2.4 lm TiN coating was more than twelve times lower than that of the bare 316L stainless steel under synthetic perspiration-lubricated conditions. In conclusion, under synthetic perspiration-lubricated conditions, 2.4 lm TiN coating shows the lowest wear damage and the same wear level as bare 316L stainless steel under dry friction; therefore, it exhibits the best wear resistance. On the contrary, the 1.6 lm TiN seriously degrades the wear resistance of the 316L stainless steel.
3.2.1 Microscopic Analysis. The wear scar morphology of the three materials (316L, 1.6 and 2.4 lm TiN coatings) under dry friction is shown in Fig. 7 . In the case of 316L stainless steel, it is clear that there is evidence of pitting and adhesive wear (Fig. 7a) . The pitting and adhesive wear is obviously seen in Fig. 7(b) , and there is TiN-coating delamination present at the wear scar edge. The delamination is not observed for the 2.4 lm TiN coating shown, but there are more parallel cracks at the wear scar edge (Fig. 7c) , and most of the transferred debris particles are raised. In addition, it is seen in Fig. 7(b) that the wear damage is of the plow character.
The chemical composition obtained from the EDS profiles is listed in Table 3 for the three materials under dry friction. It is clearly seen that silicon mass ratio in the wear scar is higher than in the 316L stainless steel substrate (0.71 wt.%, shown in Table 1 ). This indicates that some Si from the Si 3 N 4 ceramic ball transferred to the contact wear interface between the Si 3 N 4 ball and the 316L stainless steel. For the 1.6 lm TiN and 2.4 lm TiN coatings, silicon was also observed in the wear interface between the Si 3 N 4 ball and the TiN coatings, indicating that Si also transferred during sliding between the Si 3 N 4 ceramic ball and the TiN coatings. This result agrees with the SEM surface micrographs in Fig. 7b . For the three tested materials, the large mass ratio of oxygen and iron was observed in the wear scar. This indicates that the materials were oxidized and formed iron oxides (e.g., Fe 2 O 3 ) and titanium oxides (e.g., TiO 2 ) (Ref 1, 2, 12, 13 ). The two TiN coatings (1.6 and 2.4 lm TiN) had been traversed in the direction perpendicular to the surface grinding corrugations and exposed the 316L stainless steel substrate.
Under synthetic perspiration-lubricated friction, the wear scar morphologies for the three materials (316L, 1.6 and 2.4 lm TiN coatings) are shown in Fig. 8 . It is clearly seen that the wear damage of the 316L stainless steel and the 1.6 lm TiN coating was caused by the plow action ( Fig. 8a and b) . For the 316L stainless steel, there are dark-loose debris particles covering the wear scar edge, seen in Fig. 8(a) . EDS analysis (Table 3 ) reveals that it is rich in Fe, O and Si, suggesting the presence of iron and silicon oxides. The 2.4 lm TiN coating shows the lowest wear damage (Fig. 8c) ; the wear scar surface is smooth; and there are no debris particles observed. EDS analysis of the wear scar reveals that it is rich in Ti and N, but not in O, Fe, or Si. Therefore, 2.4 lm TiN is the best coating, as it exhibits the best wear resistance performance of the three materials tested.
Discussion
The friction coefficient of the three materials under dry friction was always higher than under synthetic perspiration (Fig. 4) . This is essentially due to the action of liquid lubrication. Under synthetic perspiration, liquid at the contact interface can decrease the frictional resistance. Also, during the wear test in synthetic perspiration, the tribo-chemical reactions could easily occur between materials and water (Ref 14, 15) . Then, Si(OH) 4 and TiO 2 could form lubrication films in the contact area. Such lubrication films could decrease the friction coefficient and improve the wear resistance (Ref 16) .
The friction coefficient of TiN coatings (1.6 and 2.4 lm) is lower than that of bare 316L stainless steel, possibly related to the higher hardness of TiN coatings ( Table 1) . The relationship between the hardness and the friction coefficient was illustrated in (Ref 6) .
Under synthetic perspiration-lubricated conditions, 2.4 lm TiN coating shows the lowest wear damage and the same level of wear damage as bare 316L stainless steel under dry friction; therefore, it exhibits the best performance in terms of the wear resistance. On the contrary, the 1.6 lm TiN seriously degrades the wear resistance of 316L stainless steel. Reference 16 indicated that there were two wear models named as positive wear and negative wear when the sliding wear tests were performed. The positive wear means that the wear debris was removed from the friction surface of tribomaterials immediately, which led to the smoother wear track, while the negative wear means that the wear debris was adhered to the wear track surface, which induced the calculated volume of the wear track. In our 316L stainless steel experiment, the stainless steel debris is soft and was adhered to the wear track easily. Thus, its wear model belongs to the negative wear, and the calculated volume of the wear track will be lower than the true value. Contrary, for 1.6 lm TiN coating during sliding, more brittle and hard debris particles are formed in the wear scar, which were removed from the friction surface easily, and those debris particles will degrade the TiN coating and the 316L substrate more at the later stage of the sliding wear tests. It is clear from Fig. 8(c) that for the 2.4 lm TiN coatings, the surface is smooth, and there is no fragile debris particles formed. Thus, the 2.4 lm TiN coatings show the best wear resistance performance. Compared to the 1.6 lm TiN coatings, the best wear resistance performance of the 2.4 lm TiN coatings is due to the higher fracture toughness and lower hardness value. The wear rates of the three materials (316L, 1.6 and 2.4 lm TiN coatings) under dry friction were always higher than under synthetic perspiration-lubricated conditions (Fig. 6) . The wear damage of the 2.4 lm TiN coating was far less than that of the 1.6 lm TiN under both friction conditions. This varying wear performance is essentially due to the different wear mechanisms.
Synthetic perspiration decreases the frictional resistance of the friction pair. During this condition, there was more loose wear debris in the wear track edge for the bare 316L stainless steel (Fig. 8a) . EDS analysis (Table 3 ) reveals that it is rich in Fe, O and Si, suggesting the presence of softening iron oxides and silicon oxides (Ref 1) . This loose wear debris acts as a lubricant and effectively decreases the wear damage. There was lower ductile plow action (higher fracture toughness and lower hardness) observed in Fig. 8(a) also. For the 1.6 lm TiN coating, the wear damage was essentially due to brittle spallation (lower fracture toughness and higher hardness); however, there was no wear debris in the wear track (Fig. 8b) . EDS analysis (Table 3) of the wear track reveals that the mass ratio of silicon is 0.66 (Table 3) , approaching the content of silicon in the 316L stainless steel. This suggests that there was no material transfer from the couple to the worn surfaces. The wear damage of the 1.6 lm TiN coating was essentially due to the abrasive wear. For the 2.4 lm TiN coating, the wear mechanism was not as clear. The SEM and EDS results indicated that it remains a perfect coating after wear testing and exhibits the best wear resistance performance. The wear resistance of the 2.4 lm TiN coating is higher than that of the 1.6 lm TiN coating, essentially due to its higher fracture toughness (Table 2) . Under the same friction conditions, the relationship among the wear volume, V; the hardness of the wear surface, H; and the fracture toughness, K c , is:
Here, P is the applied load; L is the sliding distance; d and k are constants. Under dry friction, the adhesive wear is shown in Fig. 7 ; however, the form of the wear damage is quite different. For the 316L stainless steel, a large amount of asperities and pitting sites arise around the wear scar (Fig. 7a ). There were no asperities observed in the wear track of the 1.6 lm TiN coating (Fig. 7b) . Smaller size pitting occurred at the wear scar edge. In addition, abrasive wear formed by the plow action in the wear scar and caused coating delamination at the scar edge (Fig. 7b) . In the case of the 2.4 lm TiN coating, most of the transferred oxidized debris particles are raised above the level of the TiNcoating surface, with TiN plastically deformed around them. In addition, there are more parallel cracks at the wear scar edge (Fig. 7c) . Therefore, the wear damage of the 2.4 lm TiN coating is caused by complex interactive mechanisms, including abrasive and adhesive wear, along with plastic deformation.
Conclusions
The friction and wear characteristics of TiN coatings and 316L stainless steel sliding against silicon nitride ball under dry friction and synthetic perspiration-lubricated conditions have been investigated using the ball-on-flat tribometer. The following conclusions can be drawn:
(1) The TiN coatings and 316L stainless steel had better tribological properties under synthetic perspiration-lubricated conditions than under dry friction. (2) Among the three materials (316L, 1.6 and 2.4 lm TiN coating), 2.4 lm TiN coating exhibits the best wear resistance performance.
(3) The wear damage of the three materials varies depending on the wear mechanisms. For the TiN coatings, the wear damage is more attributed to the abrasive wear under synthetic perspiration lubrication and the complex interactive mechanisms, including abrasive and adhesive wear, along with plastic deformation under dry friction.
